ABSTRACT: Geomembranes are highly effective barriers, and are often a key component in the design of composite landfill liner and cover systems. During installation, solar exposure causes some types of geomembrane to buckle locally upwards and form networks of wrinkles (sometimes referred to as waves). These wrinkle networks may be significant in terms of increasing leakage through this barrier system if there is a hole at or near the wrinkle. In this paper, a novel method to quantify geomembrane wrinkles in the field is reported using low-altitude aerial digital photography and image processing techniques. The results of the analysis indicate that, at the date and time the aerial image was captured, the geomembrane contained 100 major wrinkles, which covered 13.9% of the total area of the exposed geomembrane. More importantly from a potential leakage perspective, over 90% of these wrinkles were found to be hydraulically connected over the entire field of view of the exposed geomembrane. This one hydraulically connected wrinkle was found to have an aggregate length of 520 m.
INTRODUCTION
Geomembranes are commonly used as part of base liner systems in solid waste landfills and liquid impoundments, as well as in cover systems for waste. The use of geomembranes as part of a composite liner system has received considerable attention in recent years (Rowe and Orsini 2003; Cartaud et al. 2005a Cartaud et al. , 2005b Cartaud et al. , 2005c Chai et al. 2005; Rowe 2005 ; Barroso et al. 2006; Bergado et al. 2006; Saidi et al. 2006; Touze-Foltz et al. 2006) . A properly designed and installed geomembrane can be a very effective hydraulic barrier (e.g. Rowe 2005 ).
When exposed to solar radiation during installation, and possibly as part of its operational service conditions if not covered, the geomembrane experiences thermal expansion. If there is restraint against lateral expansion (e.g. from friction with underlying material or by anchor trenches), and the expansion is sufficiently large (as it is for the case of high-density polyethylene (HDPE) geomembranes), the geomembrane will buckle upwards, forming what is termed a wrinkle (sometimes also referred to as a wave).
The wrinkle leads to a physical separation (i.e. gap) between the geomembrane and the underlying material (as seen in Figure 1 ), which does not necessarily go away upon application of overburden pressure. For the specific case of sand above and below the geomembrane, Soong and Koerner (1998) showed that although the wrinkle experienced a decrease in height and width, the gap beneath the wrinkle remained even when subjected to a vertical pressure of 1100 kPa. When compacted clay was tested beneath the geomembrane, Gudina and Brachman (2006) observed a different response where the gap beneath an initially 60 mm high wrinkle could be completely filled with clay at vertical pressures as small as 100 kPa when the clay was at the plastic limit. Dickinson and Brachman (2006) found that the gap remained (even up to 1000 kPa) when the geomembrane was underlain by a geosynthetic clay liner and a firm sand foundation layer.
If a hole occurs at or near a wrinkle in a geomembrane, the airspace beneath the wrinkle acts as a preferential pathway for fluid flow, thereby increasing potential leakage through the geomembrane compared with the case for a hole in a geomembrane but without a wrinkle. Results from theoretical solutions reported by Rowe (1998 Rowe ( , 2005 and Rowe et al. (2004) have shown the importance of considering wrinkles when assessing potential flow through holes in geomembranes. Flow (per unit length) beneath geomembrane wrinkle with a hole occurs over its wetted width, which includes unobstructed lateral flow to the edge of the wrinkle and lateral flow along the interface between the geomembrane and the underlying material to its wetted distance. The wetted distance beyond the edge of the wrinkle depends on the hydraulic conductivity and thickness of the underlying material(s), the hydraulic head on top of the geomembrane and below the underlying material, and the interface transmissivity (e.g. Rowe 1998; Rowe et al. 2004) . The resulting calculated flow depends on the width, length and number of wrinkles with holes in the geomembrane. Therefore, as a prerequisite to the estimation of realistic leakage rates, the number, geometry, and distribution of geomembrane wrinkles must be quantified under typical field conditions. However, few data currently exist describing geomembrane wrinkles.
In one case, Pelte et al. (1994) reported measurements of wrinkles in a 1.5 mm thick black HDPE geomembrane overlying compacted clay in a 30 m by 30 m cell in a landfill in France. They observed that major wrinkles occurred parallel to the length of the geomembrane roll at the location of the seams, and also perpendicular to the seam direction. They also reported large wrinkles between 0.05 to 0.1 m high, 0.2 to 0.3 m wide, and at a spacing of 4 to 5 m, which extended across a significant width of the cell. They also noticed that small wrinkles (less than 0.05 m high and 0.2 m wide) occurred perpendicular to the seams. In another case, Touze-Foltz et al. (2001) quantified wrinkles in a 2 mm thick HDPE geomembrane over compacted clay using a photogrammetric technique. Wrinkle heights varied between 0.05 and 0.13 m, wrinkle widths between 0.1 and 0.8 m, and spacing between wrinkles between 0.3 and 1.6 m, while the length of wrinkles was less than 4 m, with most wrinkles 1-2 m long. The size of the installation was only 7.5 m by 7.5 m, and consequently most likely limited the length of wrinkle that could form. Rowe et al. (2004) also reported on the distribution of wrinkles that developed on the base of one particular landfill cell during construction. These wrinkles were randomly distributed with no discernible patterns, thus making it challenging to quantify their length and spacing. Wrinkles developed at, and parallel to, the geomembrane seams as well at locations both perpendicular and inclined to the seams. The longest wrinkle was at least 17 m, and may have extended the entire length of the cell ( 40 m). The shortest wrinkle was roughly 1 m long, and the minimum spacing between wrinkles was about 0.5 m. The wrinkles inclined to the seams appeared to be connected to the long wrinkles at each seam. Such a distribution of wrinkles provides an extensive preferential pathway for liquid migration beneath the geomembrane if there are any holes in the geomembrane at any point on the interconnected wrinkles.
These previous studies provide a useful starting point to quantify wrinkles, but they are limited to three particular sites. Additional data are required to better quantify geomembrane wrinkles during large-scale installations. However, one major obstacle to studying wrinkle formation at the scale of field installation is the limitations with the previously used methods of data collection. The objective of the present study is to report on the development of a stable, low-altitude aerial photography platform and digital image processing methodology to quantify geomembrane wrinkles more easily prior to placement of overlying materials. Details relating to capturing and processing of the digital images are presented. The application of the new technique is illustrated by presenting results from an aerial survey of a 1.5 mm thick highdensity polyethylene (HDPE) geomembrane.
LOW-ALTITUDE AERIAL PHOTOGRAPHY PLATFORM
The size of an exposed geomembrane during installation may exceed tens of thousands of square metres. However, the field data reported in the literature indicate that geomembrane wrinkles are typically of the order of 0.2 to 0.3 m wide and 0.05 to 0.1 m high. Therefore, if these comparatively small features are to be capable of being accurately quantified over such a large area using digital image processing, these features must be captured at a high resolution. In the present study the target resolution of the images was set as one pixel representing 0.010 m.
At this high resolution, the entire exposed geomembrane cannot be captured in a single image with current digital camera technology. A low-altitude aerial photography platform is therefore required to allow capture of the wrinkle distribution over the area of the as-placed geomembrane The design of an aerial photography platform is an optimisation of image resolution, ground coverage, image lens distortion and platform stability, while minimising the bulkiness, weight and complexity of the system (Chappel et al. 2007) . The chosen platform for the lowaltitude aerial photography is shown in Figure 2 , and consists of a 6.4 m long by 2.1 m diameter helium-filled blimp. The blimp is controlled by the operator using a 60 m long tether line. Much like a kite, the orientation of the blimp is determined by the prevailing wind direction. As shown in the inset picture of Figure 2 , a 13.3 megapixel Canon 5D digital single lens reflex (DSLR) camera was attached to the underside of the blimp within a remote-controlled mechanism that enables in-flight panning and tilting of the camera. The camera shutter release is controlled by infrared remote control from the ground. During data collection, the blimp operator walks at a normal pace over the geomembrane, while a second operator controls the camera to ensure complete image coverage of the exposed geomembrane.
IMAGE TRANSFORMATION

Raw digital image
In order for the images acquired across the entire area of exposed geomembrane to be useful for the quantification of geomembrane wrinkles, they must first be corrected for camera position, and the coordinates of the transformed image must be associated with real-world coordinates (i.e. metres). These processes are referred to as geometric transformation and image registration (e.g. Gonzalez et al. 2004) . The need to perform these processes can be seen in the sample image of an exposed 1.5 mm thick HDPE geomembrane captured at an elevation of 60 m by the blimp camera included as Figure 3 . This image, captured with the Canon 5D camera, is 4368 pixels wide by 2912 pixels tall. Coordinates of the pixels within this image are presented on the image-space axes of (u, v), the column and row of the pixel coordinates, and are defined from an origin at the upper left-hand corner of the image. The wrinkles in the HDPE geomembrane appear in the image as linear features that reflect the sunlight on their leading edge and cast shadows on their trailing edge (the wrinkles are also visible when cloudy). It is immediately apparent in this image that the long wrinkles that form regularly in the roll direction are not orientated parallel to either the u or the v axis. The orientation of the blimp, and therefore the default orientation of the camera, is a function of the prevailing wind direction at the time of shutter release. Since the wind direction is not constant during the survey, each image will have been captured at a slightly different roll, pitch and yaw from its predecessors. Further, variations in the strength of the wind will affect the elevation of the blimp slightly, as any change in the angle of the tether line will result in a slight change in blimp elevation.
The consequence of these minor changes in camera position and orientation is image distortion. In a nominally vertical air photo, a small amount of distortion will result from lens distortion, and significant distortion from the three-dimensional orientation of the camera position relative to the plane that the geomembrane wrinkles occupy, which means that, across a photo, the number of millimetres that is represented by one pixel will vary considerably. This distortion results in a change in scale between the centre of the photo and the edges. The photos taken from the blimp are near vertical, which minimises the geometric distortion. Images that are taken at oblique angles have an exaggerated distortion because the change in scale across the image is much greater.
Ground control reference points
The variable camera position and orientation of the series of aerial images can be overcome by performing a transformation operation using ground control points (GCPs). These GCPs are simply locations on the geomembrane, which can be identified in the aerial images that have known real-world coordinates. Thus, knowing the coordinates of the GCP in both image space and object space, a direct transformation can be made between the coordinate systems (u, v) and (X, Y). This transformation allows the correction of distortion in the photo to create an orthogonal image, as well as defining the exact location of the transformed image in the site coordinates. The transformation adopted in the present study is the projective transformation, which requires a minimum of four high-quality ground control points. Although this transformation is relatively simple, it is highly successful in this application, as geomembranes are typically installed with highly planar geometry, thus simplifying the requirements of the transformation. In the field, GCPs were created by marking an 'X' and an alphanumeric grid coordinate label on the geomembrane with a grease pencil every 10 m along each seam of the geomembrane. These HDPE geomembrane rolls were 6.8 m wide. The as-seamed width between seams typically ranges from about 6.5 to 6.6 m. Thus a grid of GCPs at nominal spacing of 10 m 3 6.5 m was adopted (i.e. the typical minimum width of the as-seamed roll). An example of GCPs is shown in the enlarged inset photo of Figure  3 . With a field of view of approximately 35 m 3 25 m, the chosen GCP spacing ensures that there will be in excess of 10 GCPs in each aerial image. Once the GCPs have been marked on the exposed geomembrane, their exact object-space coordinates were surveyed. Although increasing the number of GCPs would further increase the redundancy of the ground control, providing a better leastsquares adjustment, or permit the use of a more complex camera model, the resulting marginal increase in precision does not warrant the large increase in time required to survey potentially hundreds of extra grid locations.
Coordinate and scale transformation
The first stage of the image transformation process is to locate the GCPs in the image to be corrected -in this case, the sample image already presented as Figure 3 . The image-space positions of the GCPs contained in the image of Figure 3 are displayed in (u, v) image space in Figure  4a , without the associated image. The ground control points are not square with the other ground control points. It is less obvious that there is a lack of consistency of scale across the image. The redundancy in the GCPs allows for some control markers to be obscured from view or poorly defined in the image owing to glare or interference from the construction work, such as was the case for GCP E5 in Figure 4a . In Figure 4b , the same GCPs are shown in (X, Y) object space. The locations of these points have been determined by surveying, and have a constant distance scale over the area. The (X, Y) axes have been chosen to be parallel to the roll and cross-roll direction of the geomembranes, respectively.
The second stage of the image transformation process is to use these 10 GCPs to transform the uncorrected image of Figure 3 into the geometrically corrected image of Figure 5 . In this new image the field of view has been rotated, but perhaps less obvious is the creation of a constant scale factor across the image of 1 pixel ¼ 1 cm. This specified scale factor is not only convenient (as shown in Figure 5 , this scale allows the measurement of distances digitally in pixels, and then simply dividing by 100 to find the object space distance in metres), but it also is a part of the vital groundwork enabling multiple aerial images to be stitched together. Since the GCPs place the image in its global coordinate system context, it allows the creation of a global, conglomerate image of the geomembrane area. Once this high-resolution master image has been generated, the wrinkle network can be quantified simultaneously across the full site. Given that the pixel resolution of a geometrically corrected image is 1 cm, the accuracy of the technique greatly exceeds that required for practical quantification of wrinkles. Figure 6 . This close-up image corresponds to slightly more than one panel of geomembrane in width, and has been sampled from the region identified with a white box in the geometrically corrected image of Figure 5 . Even in this small area, the buckles in the geomembrane adjoin, butt against, and intersect each other. There are also, clearly, large geomembrane buckles and small buckles. Single wrinkles could be defined as one of these roughly linear wave features; however, this simple definition breaks down somewhat when two such wrinkles intersect. In this case it is not entirely clear whether both wrinkles should be considered continuous. To help overcome these difficulties, two separate definitions of wrinkles have been adopted in the present studythe geometric and hydraulic definitions of single wrinkles.
In the geometric definition, major wrinkles are defined as roughly linear buckled features in which there is airspace between the geomembrane and the material beneath it in excess of a threshold height. Additional data are required to support the selection of this threshold height for wrinkle quantification at real installations; however, to illustrate the application of the new technique, a threshold height of 3 cm is arbitrarily chosen in this paper. Consequently, the results reported in this paper are only for wrinkles greater than 3 cm.
Two definitions are proposed to quantify the wrinkles. If two major wrinkles intersect, both are considered as separate entities and are treated as continuous over their entire length (i.e. ignoring their intersection). This definition is useful for the description and quantification of the geometry of the wrinkle network, such as distributions of wrinkle length and width. In order to estimate leakage, the degree of hydraulic connection between these wrinkles is also important. For this reason, a hydraulic definition of a single wrinkle is proposed in which all wrinkles that are hydraulically connected constitute a single wrinkle.
Geometric quantification
The aim of the geometric definition is to enable the quantification of the geometry of wrinkles on an exposed geomembrane. As shown in Figure 6 , with the geomembrane used at this specific field site, wrinkles predominately form in two directions: parallel to the roll direction and perpendicular to the roll direction. With this particular geomembrane product there are typically two wrinkles per roll that are parallel to the roll direction. These are very long linear features, which dominate the wrinkle network geometry, and are approximately 3.4 m apart. These roll direction wrinkles are artefacts of the manufacturing process for this particular geomembrane (formed at the location of a temporary fold in the material during manufacturing). The resulting wrinkles have a distinct peak, instead of forming a curve resembling a Gaussian distribution.
The first stage of wrinkle quantification is image segmentation, or subdivision of the image into its constituent wrinkle regions by selecting the pixels that make up each wrinkle. Because, in the geometric definition, individual wrinkles are allowed to intersect, pixels constituting intersecting wrinkles must be defined in separate images; otherwise, they would be treated as a single entity. Owing to the strong alignment of the geomembrane wrinkles in the roll and cross-roll directions, the image segmentation process is performed in two separate images corresponding to these two directions. One image is for wrinkles orientated in the roll direction (e.g. Figure 7 ), and one image is for wrinkles orientated predominantly in the cross-roll direction (e.g. Figure 8 ). In these images, the pixels constituting each wrinkle have been selected by setting the pixels constituting the wrinkles to a value of unity using a variable-width tool while keeping the background pixels at a value of zero. As shown in both Figure  7 and Figure 8 portion of the image) in both the roll and cross-roll directions are considered to be continuous even if they are intersected by other wrinkles. Using the two segmented images, the wrinkle properties are found by determining which pixels belong with which wrinkle, and determining the properties of each wrinkle. A schematic of the computed wrinkle properties is shown in Figure 9 , which represents an area of about 35 m 2 . Initially, all of the selected pixels that touch are considered to be a single wrinkle. A major axis is selected that runs through each individual wrinkle, and a cubic polynomial is chosen as a best-fit line through the length of a wrinkle. The cubic polynomial was chosen as a useful method of creating a best-fit relationship. The polynomial is integrated to determine the wrinkle length. The wrinkle area is determined by counting the number of pixels in a selected wrinkle region. The average wrinkle width is found by dividing the wrinkle area by its length. The precision of the wrinkle length and width obtained using this approach is defined predominantly by the degree of care exercised by the user in the image segmentation process. For the present analysis the precision is estimated to be better than 3 pixels (0.03 m).
The resulting network of identified major wrinkles is presented in Figure 10 . The aerial photo was taken on 17 August 2006 at 16:00 hrs, at a latitude of 438169 N and an air temperature of 248C. The number and size of wrinkles were found to vary throughout the day at this site. The time selected for analysis is representative for the period of time corresponding to the greatest number of wrinkles. The significant number of wrinkles with heights less than 3 cm, but clearly visible in the picture, demonstrates both the ability of the HDPE geomembrane to wrinkle, and the sensitivity of the aerial photography system to capture the smaller features. The image is a sample size of approximately 0.12 ha. Of this area, 13.9% has been identified as being covered by wrinkles above the nominal threshold of 3 cm in height.
Based on the database of wrinkle geometry extracted from the segmented images, the geometric wrinkle length and width statistics are presented in Figures 11 and 12 , respectively. In the histogram of wrinkle length (Figure  11 ), the abscissa has been selected to be in increments corresponding to one half the nominal roll width. Interestingly, Figure 11 shows that nearly 80% of the total number of identified wrinkles are shorter than one nominal roll width. The corollary to this observation is that a small Pixels comprising cross-roll-direction wrinkles number of very long wrinkles dominate the wrinkle network. The length of these long, roll-direction wrinkles is limited by the field of view of the single image used herein to present the experimental methodology of this technique (approximately 30 m in the roll direction), whereas in reality the length of the wrinkles is limited by the length of the geomembrane. Thus, as seen in the inset to Figure 11 , which describes the wrinkle network, many of these large wrinkles touch the edge of the field of view, indicating that their true length is much larger than presented here.
The computed histogram of wrinkle width for this case is presented in Figure 12 . The wrinkle widths fit a Gaussian distribution with a mean width of 0.31 m and a standard deviation of 0.06 m. These results are consistent with the typical range of wrinkle widths reported by Pelte et al. (1994) , but much tighter than the range reported by Touze-Foltz et al. (2001) .
Hydraulic quantification
The aim of the hydraulic wrinkle definition is to identify geometric wrinkles that are sufficiently hydraulically connected to be considered one wrinkle from a fluid transport perspective. Here, hydraulic connection is defined as a fluid transport pathway between touching wrinkles or closely spaced wrinkles.
The most obviously connected wrinkles are those in the roll and cross-roll directions that intersect and cross over each other. The outlines of these wrinkles are presented in Figure 13 , with the solid lines representing the outlines of each individual wrinkle as defined using the hydraulic definition. In this small close-up region, only two pairs of wrinkles intersect. However, in the wider image, 28% of the total number of wrinkles intersect. This is because the long roll-direction wrinkles dominate the wrinkle geometry.
In the image segmentation process, wrinkles that adjoin or butt against each other are intentionally not connected, so that they remain separate entities in the geometric statistics. However, these are clearly connected in the field. An algorithm is therefore required to determine which wrinkles are hydraulically connected or are sufficiently close enough together to be effectively hydraulically connected. The methodology behind this test of connectivity is presented in a schematic form in Figure  13 . Initially, the outline of each geometric wrinkle is expanded by a specified number of pixels (which are equal to centimetres at the scale of these geometrically corrected images). This expanded area, denoted by a dashed outline, becomes a search zone around the periphery of each wrinkle, as seen in Figure 13 . If the search zones of two individual wrinkles overlap, then these two wrinkles are considered to be hydraulically connected. These wrinkles are then given a common identity in the wrinkle database, and their original area and length (i.e. not their expanded area and length) are summed. As shown in Figure 13 , a search zone of 10 cm has the result of interconnecting a large percentage of wrinkles.
The choice of search zone size is a function of the image segmentation process in which the individual wrinkles were defined under the geometric definition. In other words, the search zone must be large enough to span the gap intentionally placed between adjoining wrinkles. The sensitivity to the choice of search zone is investigated in Figure 14 by incrementally increasing the search zone from 0 to 20 cm and investigating the resulting impact on the length of the largest hydraulically connected wrinkle network and the number of wrinkles that are hydraulically connected. At a search zone of 0 cm, the only connected wrinkles are those roll-direction and cross-roll-direction wrinkles that intersect and cross over each other. As the search zone is increased there is initially very little change in either the length of the longest connected wrinkle or the number of wrinkles that are connected. However, after the search zone is expanded to past the 5 cm minimum gap used in the image segmentation process, wrinkles begin to be quickly connected. Wrinkles continue to be connected until the process reaches a quasi-steady state at a search zone of approximately 12 cm. The evolution of the longest hydraulically connected wrinkle network is presented at search zones of 0, 5, 10 and 12 cm in Figure  15 . Initially, at a search zone of 0 cm (just the overlapping wrinkles), the longest hydraulically connected wrinkle network is 75 m and is contained in a specific region of the exposed geomembrane. As the search zone is expanded, the longest wrinkle expands until it forms a network that covers the full field of view at a search zone of 12 cm. Even at this relatively small search zone, the 0.12 ha portion of exposed geomembrane contains one hydraulically connected wrinkle that constitutes over 90% of the total number of geometrically defined wrinkles. This one wrinkle network has an aggregate length of 520 m. A search zone of 12 cm is not unrealistic when compared with the calculated wetted width of wrinkles (e.g. Rowe et al. 2004) . Such calculations depend on selection of interface transmissivity and particularly on what happens to the wrinkle when subject to vertical pressure. The results of the sensitivity study in Figures 14  and 15 demonstrate that the user of this technique must exercise judgement in selection of the search zone to quantify wrinkles.
CONCLUSIONS
A new method to quantify geomembrane wrinkles in the field has been developed using low-level aerial digital photography and image processing techniques. This analysis procedure has been demonstrated to be a useful tool to quantify geomembrane wrinkles at large scale. Despite using only one aerial photograph, the results reported herein are the most detailed description of geomembrane wrinkle formation to date. Work is currently under way to investigate the factors influencing geomembrane wrinkle formation, and to quantify the wrinkles at the full scale of various landfill installation sites. The ability to quantify wrinkles at this level of detail and precision has required the careful crafting of two new definitions for geomembrane wrinkles. In the geometric definition, wrinkles are defined as roughly linear wave features in which there is airspace between the geomembrane and the material beneath it in excess of 3 cm in height. In order to assess the potential leakage pathway distance, a second definition has been developed based on hydraulic connectivity, which identifies geometric wrinkles that are sufficiently hydraulically connected to be considered one wrinkle from a fluid transport perspective. The application of the new technique was illustrated by presenting the results from one particular case of a 1.5 mm thick HDPE geomembrane located at a latitude of 438169 N and where the wrinkles were photographed on 17 August 2006 at 16:00 hrs when the air temperature was 248C. At the date and time the aerial image was captured, 100 wrinkles with heights greater than 3 cm were identified and were found to cover 13.9% of the total area of the exposed HDPE geomembrane. More importantly, over 90% of these wrinkles were found to be hydraulically connected over the entire field of view of the exposed HDPE geomembrane. This one hydraulically connected wrinkle was found to have an aggregate length of 520 m. The results presented are from one particular site at one specific time of day and time of year and while the geomembrane was uncovered. Further investigations are currently under way to use this technique to investigate the wrinkle formation process, and in particular the effect of geomembrane temperature, solar exposure levels, materials, and installation techniques.
